ABSTRACT: Soil-Structure Interaction (SSI) is involved in the seismic performance of pile-supported bridge. Such effect includes soil-pile interaction driven by the deformation of pile and surrounding soil. This interaction might be further pronounced due to large soil deformation during earthquake. To capture this characteristic, a three-dimensional (3D) finite element (FE) simulation is conducted considering soil-pile interaction along with the corresponding numerical details. The prototype system of a two-span reinforced concrete bridge with a single pier is demonstrated in multi-layered clay. The overall seismic response of the coupled soil-pile-bridge system are systematically investigated. The simulated results showed that the inertial effect of superstructure and transversal configuration of bridge significantly influence the pile response. The analysis technique as well as the derived insights are of significance to general pile-supported bridge system configurations.
INTRODUCTION
Failure of bridge structure supported by pile foundation are mainly caused by ground damage such as liquefaction, landslide and excessively lateral deformation (Sugimura et al. 2004) . Such failures are observed after many major earthquakes, like 1994 Northridge Earthquake, 1995 Kobe Earthquake, and 2008 Wenchuan Earthquake. The increased failure or damage of bridge structure during the past extreme events necessitates the sufficient understanding of soil-pile-structure interaction system. In the past two decades, the associated research considering the effect of soil-pile interaction on bridge structure has already attracted extensive attentions (Tuladhar et al. 2008) .
In order to more accurately incorporate the influence of Soil-Structure Interaction (SSI) on soil-pile-bridge structure system, a large number of threedimensional (3D) numerical studies have been conducted. At present, 3D seismic response of soil-pile-bridge structure interaction system mainly has a significant computational challenge. Such challenge necessitates high demands on software efficiency and hardware performance to impose the model to converge the adequate resolution. Although related efforts on 3D modeling and analysis of the ground-structure system have been reported in the literature (Casciati and Borja 2004; Elgamal et al. 2008) , the seismic performance of bridge structure and soil-pile system are considered individually, and the soil is frequently simulated by soil spring or p-y curve. Therefore, solid element simulating soil material is needed to develop the elaborate Finite Element (FE) model considering SSI. For example, Shamsabadi (2007) developed a 3D nonlinear FE model of typical highway skewed pile-supported bridge structure to systematically investigate the global seismic soil-abutment-foundationstructure interaction behavior. Tuladhar et al. (2008) investigated the seismic behavior of bridge pier considering SSI based on 3D FE analysis. Aygün et al. (2010) offered a 3D nonlinear coupled FE model on multi-span continuous bridge system with a 2D soil domain and a set of one-dimensional p-y springs. Alfach (2012) performed a 3D finite difference modeling to investigate the seismic response of soil-pile-structure system located at two idealized soil deposits.
A 3D FE modeling is presented in this paper for nonlinear seismic response of a soil-pile-bridge interaction system. Numerical modeling of soil-pile-bridge interaction system along with the structure and ground properties is described. To investigate seismic performance of soil-pile-structure interaction in a more realistic manner, the dynamic behaviour of soil and structure can be analyzed during the El Centro motion.
NUMERICAL MODELING

Description of a soil-pile-bridge system
The selected structure is a two-span simply-supported concrete beam bridge, as shown in Fig 
FE model
System modeling and response computation are implemented using the computational platform OpenSees (http://opensees.berkeley.edu). The pro/postprocessing utilized a graphical environment of BridgePBEE (Lu et al. 2011 ). 3D FE model of soil-pile-bridge system is shown in Fig. 2 . The soil domain represented in this computational model is 96 m long, 96 m wide, and 55 m deep.
To simplify the analysis and reduce the computation, the bridge dimension considered is 26 m long (each span 13 m), 3 m clear pier high, and 4.95 m wide bridge deck. Diameter of piles 1-3 and the pier is 1.2 m uniformly, and the seattype abutment is employed. The bridge deck is modeled using linear forcebased beam-column element, and every span is discretized into five equal subelements with node lumped mass determined from self-weight property [Fig. 3(a) ]. Considering that the stiffness is the superstructure greater than the pile, the deck response is assumed to be in the elastic range. The property parameters of deck are listed in Table 1 . In this study, the following concrete material properties are used: mass density ρ=2400 kg/m 3 , compressive strength f c =16.7 MPa, Young's modulus E=2.8×10 7 kPa, and Poisson's ratio ν=0.3. One-dimensional element simulating an embankment is depicted in Fig. 3(a) . 3D configuration of an embankment is seen in Fig. 3(d) by the triangular arrangement at the left and right sides of bridge. The enlarged view of an embankment is depicted in Fig. 3(e) and the self-weight of the embankment is represented as the lumped mass. An approach ramp, which connects the longitudinal boundaries of the bridge and ground, is modeled using a trapezoidal arrangement of a rigid link element. This element extends 0.5 m into soil domain below the abutment, as seen AB in Fig. 3(e) . This rigid link assembly can capture the geometry properties of the embankment and approach ramp. At the same time, the rigid link can characterize the embankment settlement and interaction with the end of the bridge deck (Elgamal et al. 2008 ). In Fig. 3(e) , the length of the embankment is assumed to be 10 m and the participating mass of an embankment is about 7×10 2 t on the basis of the density and geometry of embankment.
The pile supporting the abutment is represented by nonlinear beam-column element. However, a rigid link is not applied for the pile supporting the abutment to reduce the FE model complexity. Meanwhile, the adding rigid link makes soil meshing more difficult. In this model, the bridge deck connects to abutment through an abutment model. This model can well simulate a seat-type abutment in the bridge configuration, shown in Fig. 3(f) .
In the FE model, a single pile is employed to reduce the complexity of 3D mesh generation. The cross section and reinforcement of bridge pier are assumed as same as the pile for simplification. The pile and pier are modeled using a 3D fiber section, displacement-based beam-column element with the nonlinear material (Fig. 3(c) ). Discretization of cross section into concrete and steel fibers is shown in Fig. 3(c) . The concrete is simulated by a uniaxial KentScott-Park model with degraded linear unloading/reloading stiffness. Concrete properties are shown in Table 2 . The cover concrete is characterized by a lower compressive strength, crushing strength, and strain ductility compared to the core concrete (Table 2) . A uniaxial bilinear inelastic model with kinematic hardening is used to model the reinforcing steel with the following material parameters: yield strength f y =3.35×10 5 kPa, Young's modulus E s =2×10 8 kPa, and strain hardening ratio b=0.01. Below the ground surface, the rigid links ( Fig. 3(b) ), normal to the pile longitudinal axis, are used for simulating soil-pile interaction. 3D brick elements representing soil domain connect to the pile geometric configuration at the outer nodes of these rigid links through the three translational DOF constraints (Elgamal et al. 2008) . Assuming no shear key failure, the bridge deck is simply connected to pier top (not considering the cap beam in this study) through the three translational and rotational DOF constraints.
As shown in Figs. 1 and 2 , the soil profile is idealized into a surface mud soil layer and two underlying soft and stiff clay. In the numerical simulation, the soil stratum is modeled as a nonlinear hysteretic material with Von Mises multiyield surface kinematic plasticity model. This model can well simulate hysteretic elastoplastic shear response of cohesionless and cohesive soil materials under dynamic loading. Physical parameters of different soil stratums are depicted in Fig. 1 , including mass density, shear modulus, Poisson's ratio, and cohesion.
The lateral response of soil layer is assumed to match closely that of a conventional shear beam in the free field. Therefore, the longitudinal/transversal boundaries (Fig. 2) are constrained to the same motions using the three translational DOF constraints, which constrain one node to other nodes in the same level to possess the same motions.
In this study, the base of computational soil domain is located at a depth of 55 m from ground surface (Fig. 1) . Three translational DOFs are constrained in the x, y, and z directions at each node along the base. Three translational DOFs are free when the base undergoes three directional seismic excitations.
Definition of input excitation
As part of the numerical simulation related to base input motion, the typical earthquake ground motion for El Centro, California Imperial Valley Earthquake of May 18, 1940 (El Centro motion) is selected as a base input. This motion is composed of three orthogonal components of acceleration time history (two horizontals and one vertical) obtained from the PEER NGA database (http://peer.berkeley.edu/nga/). The peak acceleration of modified El Centro motion at the FE model base is 0.309 g, 0.215 g and 0.188 g in longitudinal, transversal and vertical directions, respectively (Fig. 4) .
Solution procedure
A staged analysis procedure is adopted with gravity loads applied first (statically) followed by earthquake excitation. After that, the transient dynamic nonlinear analysis is executed to evaluate the system response during the whole duration of earthquake excitation.
During the dynamic analysis phase, the incremental-iterative procedure, which is used to integrate the equations of motion, employs Newmark-β timestepping method with time integration parameters γ=0.6 and β=0.3 and Rayleigh damping is employed to enhance the numerical stability with stiffness and mass proportional coefficient α=0.001 and β=0.22. Moreover, Krylov-Newton algorithm is adopted to avoid expensive calculation in a large number of DOFs. As such, the initial tangent stiffness of the system is used for all steps and iterations, and up to 50 iterations are needed for each step to achieve the prescribed tolerance. 
FE RESULTS
Soil response
In the free field (Location 1 by a white dot in Fig. 2) , the ground surface response in the three directions (Fig. 5 ) are similar to that of soil layer at other depths below Location 1. This indicates that the employed boundary conditions can well produce the effect of shear beam. Compared to base motions, the free field acceleration time histories are significantly higher than the base input motions in various directions, indicating the amplification effect of upper soil stratum on incident motions.
To quantify the amplification effect of free field response on base motion, the Acceleration Amplification Factor (AAF, defined as the ratio between the computed peak acceleration and peak base acceleration in a particular direction, value in bracket) of free field response is shown in Fig. 5 . AAF of free field motions in the vertical direction is significantly greater than that of free field response in two horizontal directions. The free field response in vertical and horizontal directions increase by approximately 65% and 20% comparing to the base motion, respectively. The results indicated that the amplification effect of the soil stratum on the vertical motion is significantly obvious. Such a large AAF in the vertical direction implies that the response of bridge structure need to consider the amplification effect of the soil stratum on the vertical base motion. Fig. 2) . Fig. 6 compares the computed ground surface acceleration time histories at three representative locations (2-4, indicated by white dots in Fig. 2 ) from the far field to bridge center. The amplitude of the ground surface acceleration is greater than that of the base acceleration because of the amplification effect of soil stratum. In the vicinity of bridge center, higher peak acceleration is observed. There is little change for ground surface acceleration along the bridge spatial extent, especially in longitudinal direction. A spatial variability of surface ground motion indicates that the base motion of bridge structure without an underlying soil domain in the numerical investigation needs to consider the amplitude difference of ground surface motion. Fig. 7 shows acceleration time histories of pier top and bottom, and pile at 41.2 m depth in longitudinal, transversal, and vertical directions, respectively. Dynamic response at these locations are very similar because of the high axial stiffness of pile and pier, and the response of the bridge pier in three directions are clearly amplified. Compared to the pile response in 41.2 m depth, the response of the bridge pier has a narrower frequency content. In Figs. 7(a) and (c), the response of pile and pier are in phase in longitudinal and vertical directions, which suggests that the first natural vibration mode is predominant. However, there exists a phase difference between pile and pier accelerations as shown in Fig. 7(b) . It is inferred from Fig.  7(b) that pier vibrates out of phase due to the second mode in transversal direction.
Response of bridge pier and pile
In Figs. 7(a) and (b), AAF on pier top in transversal direction is larger than that in longitudinal direction due to the flexible transversal configuration. Comparing AAFs of ground surface and pier in different directions depicted in Figs. 6 and 7, the pier further amplifies the ground surface response in the horizontal direction. However, there is a significant de-amplification of the ground accelerations in vertical direction. The results imply that pier acts as a medium that amplifies (or de-amplifies) the ground surface response and transmits the response into the superstructure. Figs. 8 and 9 show the bending moment and lateral deformation profiles on Pile 1 in longitudinal and transversal directions. Maximum bending moments on Pile 1 are observed around the interface of soil layers. Along the depth, the bending moments on Pile 1 are significantly larger in transversal direction than longitudinal direction, and maximum bending moments of the pile are greater than residual bending moments at the end of shaking, indicating that the inertia of superstructure controls the maximum bending moment. The lateral deformation response profiles are very similar in longitudinal and transversal directions. Similar to the bending moment, the same comment can be made about the lateral deformation (Fig. 9 ).
SUMMARY AND CONCLUSIONS
A 3D nonlinear FE model of soil-pile-bridge interaction system was developed, in light of actual 2-span bridge structure and site configuration. A staged nonlinear dynamic analysis procedure was adopted to evaluate the seismic performance of the system. Main conclusions and future work are summarized as follows:
(1) Soil stratum and structure have an obvious amplification effect on base incident motions. A spatial difference of surface ground motion along the longitudinal direction indicate that the bridge model only without soil domain should be subjected to non-uniform excitation for seismic analysis. (2) Larger response of the pile-bridge system may be observed in transversal direction due to the relatively flexible transversal configuration of bridge.
Comparing to the maximum and residual pile response, the inertial effect of superstructure play an important role in pile response. (3) In future, in consideration of the high significance of the bridge and pile cap, a more accurate representation of the bridge and pile cap and the connectivity to bridge would be more worthwhile to reflect the associated response mechanisms.
